ABSTRACT We describe seasonal patterns of parasitism by Telenomus coloradensis Crawford, Telenomus droozi Muesebeck, Telenomus flavotibiae Pelletier (Hymenoptera: Scelionidae), and Trichogramma spp. (Hymenoptera: Trichogrammatidae), egg parasitoids of the hemlock looper, Lambdina fiscellaria (Guené e) (Lepidoptera: Geometridae), after a 3-yr survey of defoliated stands in the lower St. Lawrence region (Quebec, Canada). Results from sentinel trap sampling indicate that T. coloradensis and T. droozi are the most common species, whereas parasitism by T. flavotibiae and Trichogramma spp. is rare. Telenomus coloradensis and T. droozi show similar seasonal periods of parasitism, both species being active in early spring (late April) at temperatures as low as 4ЊC. Using thermal threshold (T 0 ) and thermal constant (K) for immature development of T. coloradensis males and females from egg to adult emergence, we estimated that the spring progeny emerges in the middle of the summer while hemlock looper eggs are absent from the forest environment. Parasitoid females would then mate and remain in the environment to 1) exploit alternate host species, 2) enter into quiescence and later parasitize eggs laid by hemlock looper females in the fall, 3) enter into a reproductive diapause and parasitize hemlock looper eggs only the next spring, or all of these. Although previous studies have shown that T. coloradensis can overwinter in its immature form within the host egg, our Þeld and laboratory results indicate that in the lower St. Lawrence region, this species principally enters diapause as fertilized females, with a mean supercooling point of Ϫ30.6ЊC in the fall.
The hemlock looper, Lambdina fiscellaria 5 (Guené e) (Lepidoptera: Geometridae), is one of the most damaging insect defoliators in North America (Carroll 1956 , Jobin and Desaulnier 1981 , Hé bert et al. 2001 . Although this species is highly polyphagous (Carroll 1956 , Berthiaume 2007 , outbreaks mainly have been recorded in balsam Þr, Abies balsamea (L.) Mill. (Pinaceae), stands in the Canadian provinces of Quebec (Jobin and Desaulnier 1981, Hé bert et al. 2001) , Newfoundland (Otvos et al. 1979) and New Brunswick (Hartling et al. 1991, MacLean and Ebert 1999) . The hemlock looper is univoltine and its eggs are laid singly or in groups of two or three in late summer and early fall (Carroll 1956 , Delisle et al. 1998 , generally on host trees but also elsewhere in the forest environment (Carroll 1956 , Dobesberger 1989 . Eggs undergo obligate diapause (Delisle et al. 2009 ) and hatch late in the spring, after bud break of balsam Þr (Butt et al. 2010) .
Egg parasitoids of the genus Telenomus Haliday (Hymenoptera: Scelionidae) can be highly efÞcient natural control agents of insect pests (Bin and Johnson 1982 , Hirose 1986 , Orr 1988 , Austin et al. 2005 . Compared with other egg parasitoids such as Trichogrammatidae, Telenomus species are characterized by their high longevity, efÞcient searching abilities, and a capacity to delay oviposition during periods of host deprivation (Hirose 1986 , Orr 1988 , Honda and Trjapitzin 1995 . High levels of parasitism by Telenomus spp. have been reported for many forest defoliating Lepidoptera (Anderson 1976 , Anderson and Kaya 1977 , Drooz et al. 1977 , Torgersen and Mason 1985 , and often have resulted in outbreak collapses (reviewed by Anderson 1976) . For example, a major anticipated outbreak of the hemlock looper in eastern Quebec (Canada) spectacularly collapsed because of very high spring mortality mostly caused by Telenomus spp. (Hé bert et al. 2001) .
In Canada, three Telenomus species have been reported to attack eggs of the hemlock looper: T. coloradensis Crawford, T. droozi Muesebeck, and T. flavotibiae Pelletier (Pelletier and Piché 2003) . Telenomus coloradensis is the dominant species of this complex, being largely responsible for the hemlock looper outbreak collapse reported by Hé bert et al. (2001) (Pelletier and Piché 2003) . Parasitism levels higher than 50% have been reported very early in the season, when snow was still covering the ground during the Þrst week of May (Hé bert et al. 2006) , which suggests that Telenomus spp. adult females are active at low temperatures. Early spring activity of Telenomus spp. may lead to inaccurate damage forecasting of the hemlock looper if surveys are based only on fall egg sampling (Hé bert et al. 2001 (Hé bert et al. , 2006 .
Previous studies partially have addressed aspects of the seasonal ecology of hemlock looper egg parasitoids in Quebec and Newfoundland (Canada) . Trichogramma spp. and T. flavotibiae parasitize hemlock looper eggs in the fall, whereas parasitism by T. droozi only has been reported in the spring. Telenomus coloradensis, the most common species, attacks hemlock looper eggs during both fall and spring (Carleton et al. 2009 ). Although hemlock looper eggs are available as hosts from oviposition in the fall to hatching the next spring, T. coloradensis showed a positive host densitydependent response only in spring, suggesting that this species has the potential to regulate hemlock looper populations during that period (Carleton et al. 2010) . Parasitism by the two other Telenomus species is either not or only weakly related to hemlock looper egg density.
Although these studies clearly established that most parasitism of hemlock looper eggs by Telenomus spp. in eastern Canada occurs in spring, elements of the life cycle of these parasitoids remain to be determined such as their overwintering stage(s), emergence period in spring, and seasonal window of attack. Moreover, the thermal constraints for parasitism have not yet been identiÞed. Such knowledge is essential to understand the role of T. coloradensis and T. droozi in hemlock looper population dynamics and to improve integrated management programs of this important defoliator.
The main objective of the current study was to describe seasonal patterns of parasitism of hemlock looper eggs after a 3-yr survey by using a large number of sentinel traps in three sites in the lower St. Lawrence region (Quebec, Canada). Further objectives were to 1) measure parasitism rates of T. coloradensis and T. droozi females as a function of temperature, 2) assess the thermal requirements for egg to adult development of T. coloradensis, and 3) study aspects of the overwintering biology (cold tolerance in fall and winter survival) of T. coloradensis adults. Finally, we synthesized the information available on the seasonal ecology of Telenomus parasitoids associated with the hemlock looper in northeastern North America. Sentinel Traps. Nearly 300 hemlock looper females were captured at Riviè re-Ouelle in early September 2002 and reared with the aim of producing sentinel traps for parasitism monitoring. Mated females were kept individually in 500-ml glass containers (Mason jars) , with muslin replacing the metal lid for ventilation, and placed in a growth chamber at 20ЊC, 40% RH, and a photoperiod of 16:8 (L:D) h. A vial with a cotton wool plug containing an 8% sucrose solution was provided as food, and a small polyurethane foam strip (5 by 7 cm) was added in the containers as an artiÞcial substratum for oviposition (Hé bert et al. 2003) . Foam strips were checked daily and changed when Ϸ20 eggs had been deposited (sentinel traps). Sentinel traps were placed in natural overwintering conditions in a Þeld insectary at the Laurentian Forestry Centre (Quebec City, Canada). In early spring 2003, sentinel traps were transferred from the Þeld insectary to a cold room (4ЊC) to provide viable hosts for Þeld sampling throughout the season. Twenty-four hours before Þeld exposure, sentinel traps were transferred from 4 to 16ЊC. Eggs that were not used for Þeld sampling were allowed to hatch and larvae were reared at 20ЊC, 45% RH, and a photoperiod of 16:8 (L:D) h on fresh balsam Þr foliage as described in Berthiaume (2007) . After emergence, adult moths were placed in 500-ml glass containers (two males: one female) and given access to an 8% sucrose solution and polyurethane foam strips (5 by 7 cm) for oviposition to provide new sentinel traps. Some of these sentinel . Sentinel traps were brought back to the laboratory and eggs were removed under a stereomicroscope by using Þne forceps. Eggs were counted, placed in Solo cups (Solo Cup Company, Lake Forest, IL), and reared in a growth chamber at 20 Ϯ 1ЊC, 40% RH, and a photoperiod of 16:8 (L:D) h until hatching or parasitoid emergence. Telenomus parasitoids were sexed and identiÞed to the species level by using the methods of Pelletier and Piché (2003) , and Trichogramma parasitoids were identiÞed at the genus level (Hé bert et al. 2001) . Vouchers were deposited at the René Martineau Insectarium of the Laurentian Forestry Centre, Quebec City. Unhatched eggs were dissected to check whether they were parasitized. The incidence of egg parasitism was determined for each sentinel trap (number of parasitized eggs per number of available eggs), and mean parasitism rates were calculated for each site-exposition period for each parasitoid species. Because sentinel traps were left in the Þeld for different periods of time, parasitism rate was weighted by the number of exposed weeks. (4, 8, 12, 16, 20, 24 or 28ЊC [Ϯ1ЊC] ) and provided with 40 hemlock looper postdiapause eggs (see Sentinel Traps section) deposited on Postit cards (1.5 by 3 cm) (3M Company, St. Paul, MN). After the exposure period, females were identiÞed at the species level and exposed eggs were transferred to new vials that were kept at 20ЊC, 45% RH, and a photoperiod of 16:8 (L:D) h until host hatching or parasitoid emergence. ParasitoidsÕ progeny was sexed and counted. Unhatched eggs were dissected to determine the number of parasitized hosts that failed to produce an adult parasitoid.
Materials and Methods

Sampling
The proportion of ovipositing females (i.e., that successfully attacked at least one host) and the number of parasitized eggs were compared between temperatures, parasitoid species, and temporal blocks by using a three-way analysis of variance (ANOVA). Proportion data were not transformed because they complied with ANOVA assumptions. The temporal block factor was considered as a Þxed effect because it represents an increasing collecting date in the Þeld (from 30 April to 27 May) and a decreasing storage period before the experiment (from 18 to 2 d). For each Telenomus species, we calculated an activity index (i.e., proportion of ovipositing females ϫ mean number of parasitized eggs per ovipositing female) for each temperature. For each parasitoid species, a linear regression of activity index on temperature was performed to estimate the lower thermal threshold (T 0 ϭ x-intercept of the slope) for the onset of attack by each species in spring. Slopes and intercepts of those relations were compared statistically using analyses of covariance (ANCOVAs). Statistical analyses were performed with the R software version 2.10. Predicting T. coloradensis Emergence From Hemlock Looper Eggs. Thermal requirements for the development of T. coloradensis at different constant temperatures, from its oviposition in host eggs to adult emergence, were determined empirically using individuals from a laboratory colony. Hemlock looper eggs were extracted, using the method developed by Otvos and Bryant (1972) , from branches and lichens collected on 17 June 2010 near Blanc-Sablon (51Њ 32Ј N, 57Њ 55Ј W) (Quebec, Canada). Extracted hosts were placed individually in gelatin capsules (size 00) and incubated at 20ЊC, 45% RH, and a photoperiod of 16:8 (L:D) h until wasp emergence or host hatching. Adult T. coloradensis were kept as pairs (one male: one female) in 50-ml plastic bottles with access to a sucrose solution (80%). Concomitantly, Ͼ1,000 Þrst-instar hemlock looper larvae, previously collected from a Þeld sample, were reared on white birch (Betula papyrifera Marsh) foliage according to Rochefort et al. (2011) A two-way ANOVA was used to compare the effect of temperature on development rate (1/development time) for male and female offspring. The response variable was log-transformed to respect ANOVA assumptions. Linear regressions of development rate on temperature were used to estimate the thermal requirements of T. coloradensis males and females: the reciprocal of the slope is the thermal constant (K) and the x-intercept corresponds to the lower thermal threshold (T 0 ) for development (Campbell et al. 1974) . Although linear models generally underestimate development of parasitoids at low temperatures, this approach has been shown reliable to predict the development of parasitoids in the Þeld by using meteorological data (Bernal and González 1993) .
We used mean air temperatures from a meteorological station in Riviè re-du-Loup (47Њ 48Ј N, 69Њ 32Ј W) located 51 km from the most distant site in our study (Environment Canada 2005) , and parameters (T 0 and K) from the regression models to make a posteriori predictions of T. coloradensis male and female emergence periods from eggs parasitized in the spring. We deÞned the window of spring parasitism as the period beginning with the Þrst occurrence of recorded parasitism in sentinel traps and ending with the predicted completion of hemlock looper egg hatching. This last prediction was made using a published degree-day model in which 350 degree-days (DD) above a threshold of 3ЊC are necessary to reach 100% egg hatch (Hartling et al. 1991 , Butt et al. 2010 . Furthermore, to investigate if T. coloradensis could complete a second generation before winter through parasitism of hemlock looper eggs in the fall, we measured the number of accumulated degree-days above T 0 for males and females after the beginning of host availability in late summer, which we estimate to occur no later than 30 August. This date corresponds to the beginning of hemlock looper female catches in this region (Ré serve de Parke near Kamouraska: 47Њ 30Ј N, 70Њ 30Ј W) (Delisle et al. 1998) plus 2 d, which represents an estimation of the hemlock looper preoviposition period (Berthiaume et al. 2009 ).
Winter Survival and Cold Hardiness of T. coloradensis Adults. In September of 2010, all T. coloradensis parasitoids from the Blanc-Sablon laboratory colony were kept in 65-ml plastic cages with access to a sucrose solution (80%) for 2Ð3 wk at 16 Ϯ 1ЊC, 60% RH, and a photoperiod of 16:8 (L:D) h for their acclimatization to the air temperature observed in Qué bec City during the Þrst week of October, which averaged 15.0ЊC in 2010. To estimate parasitoid cold hardiness, we measured supercooling points (i.e., the lowest temperature reached before observing the heat release produced by crystallization of the insect tissues) of T. coloradensis males (n ϭ 11) and females (n ϭ 13) on 7 October 2010 by using the methodology described by Rochefort et al. (2011) . Mean supercooling points were compared using WelchÕs two-sample t-test. To estimate winter survival of adults, the remaining parasitoids (100 females and 140 males) were placed in 50-ml plastic bottles and exposed to natural conditions in the Þeld insectary at the Laurentian Forestry Centre. The sucrose solution was removed on 22 November 2010 to prevent mold formation. In early March of 2011, wasps were transferred to Montré al, Canada (45Њ 33Ј N, 73Њ 38Ј W) and maintained in outdoor conditions; a sucrose solution (80%) then was provided to parasitoids. Finally, batches of 20 postdiapausing host eggs periodically were offered on a Postit card to overwintering females (12Ð25 March, 25 MarchÐ1 April, and 1Ð 8 April), and reared at 24ЊC, 50% RH, and a photoperiod of 16:8 (L:D) h to measure the proportion of parasitized eggs.
Results
Field Studies. The most frequent parasitoids that attacked hemlock looper eggs in sentinel traps were T. coloradensis and T. droozi. The former species was the most common at Riviè re-Ouelle and Riviè re-du-Loup, whereas the latter was dominant at LÕIsle-Verte (Fig.  1) . At LÕIsle-Verte and Riviè re-Ouelle, mean parasitism rates increased from 2003 to 2004 for both parasitoids, followed by a decrease in 2005 (Fig. 1) . Because Riviè re-du-Loup only was monitored in 2003, no year-to-year general trend could be drawn. Sex ratios of T. coloradensis, T. droozi, and T. flavotibiae were female-biased for all sites and years, ranging from 51.1 to 79.3%.
Telenomus coloradensis and T. droozi showed similar patterns of parasitism throughout the study, although T. coloradensis was active slightly earlier than T. droozi. Females of both species were foraging in early spring when mean air temperature (MAT) was low. (Fig. 2C) . Parasitism abruptly decreased for both species in July and nearly no attacks were recorded after the beginning of August for any year or site (Fig.  2BÐC) . Telenomus flavotibiae parasitism was observed only during a short period in 2003 (from 12 June to 31 July) and at low levels (0.21Ð 8.47%), but in all sampled balsam Þr stands (Fig. 1) . Hemlock looper eggs rarely were parasitized (maximum mean parasitism ϭ 2.58%) by Telenomus spp. in the fall (SeptemberÐOctober), but because no fully developed Telenomus adults had emerged from our samples, it was only possible to identify them to the genus level. (Fig. 1) .
Female T. coloradensis and T. droozi Þrst were sampled in the Þeld on 30 April 2004; 201 individuals were captured using sweep nets (Fig. 3) . These females were mated as they produced both male and female progeny when used in laboratory experiments (see next section). Male T. coloradensis (n ϭ 24) and T. droozi (n ϭ 1) were not captured before 16 June and 4 August, respectively (Fig. 3) . For T. flavotibiae, only females (n ϭ 7) were captured, but not before 7 July (Fig. 3) .
Telenomus Parasitism Rate Versus Temperature. Female T. coloradensis and T. droozi have the capacity to successfully parasitize hemlock looper eggs at very low temperatures (4 Ð 8ЊC) (Fig. 4) . The proportion of ovipositing females and levels of parasitism increased with temperature (Fig. 4) . Temperature had a significant effect on the proportion of ovipositing females, which never reached Ͼ0.65 for any temperature, and on the number of parasitized eggs (Table 2) . No signiÞcant difference was found between parasitoid species, but an effect of temporal blocks on parasitism levels was found. This effect was caused by higher parasitism rates in the Þrst temporal block: Telenomus spp. collected on 30 April were more active than those collected later in the spring. However, this effect might be attributable to a longer pre-exposition period without host eggs before the test (18 d for block 1 versus 2Ð5 d for blocks 2Ð 4). Interactions between tested factors were not signiÞcant ( Table 2 ). The lower thresholds for the onset of parasitism (T 0 ) estimated from linear regressions of activity index (AI) on temperature (T) were 3.08ЊC for T. coloradensis (AI ϭ 0.29T Ϫ 0.90; Adjusted R 2 ϭ 0.88, F ϭ 43.31, df ϭ 1 and 5, P ϭ 0.001) and 4.67ЊC for T. droozi (AI ϭ 0.37T Ϫ 1.73; Adjusted R 2 ϭ 0.89, F ϭ 48.67, df ϭ 1 and 5, P Ͻ 0.001). Following ANCOVA, AI was not inßu-enced by Telenomus species (F ϭ 0.5554, df ϭ 1, P ϭ 0.4733) and the difference in slopes between species was not signiÞcant (F ϭ 1.2560, df ϭ 1, P ϭ 0.2886).
Predicting T. coloradensis Emergence Periods. The interaction between temperature and sex had a signiÞcant effect on T. coloradensis development time from oviposition to adult emergence (Table 3) . Development time decreased linearly from 57.82 Ϯ 3.31 and 60.85 Ϯ 4.06 to 18.50 Ϯ 2.65 and 20.33 Ϯ 1.66 d (mean Ϯ SD) between 15.0 and 28.4ЊC for males and females, respectively. Only one female emerged at 32.0ЊC (after 18 d). We thus removed this temperature from further analyses. The lower developmental thresholds (T 0 ) calculated from the linear regressions of development rate (DR) on temperature (T) were 9.14 and 8.62ЊC for males and females, respectively, and 354.84 and 404.01 DD (K) above those thresholds were required to complete development for males and females, respectively (males: DR ϭ 0.0028T Ϫ 0.0258, adjusted R 2 ϭ 0.99, F ϭ 445.3, df ϭ 1 and 2, P ϭ 0.0022; Fig. 2A) . Thus, using T 0 and K parameters and mean daily air temperatures from Riviè re-du-Loup, males from spring parasitism were predicted to emerge between 15 and 27 July of 2003 (spring parasitism win- opment before winter in hemlock looper eggs deposited in the fall.
Winter Survival and Cold Hardiness of T. coloradensis Adults. Telenomus coloradensis supercooling points measured in October 2010 varied from Ϫ21.2 to Ϫ38.3ЊC (Ϫ30.5 Ϯ 1.5ЊC; mean Ϯ SE; n ϭ 11) for males and from Ϫ21.8 to Ϫ37.6ЊC (Ϫ30.6 Ϯ 1.4; n ϭ 13) for females, the difference being not signiÞcant (t ϭ Ϫ0.0475, df ϭ 21.26, P ϭ 0.9626). Winter survival of T. coloradensis females was low (9.0%; n ϭ 100), and no male emergence was recorded in the spring (n ϭ 140). The Þrst females resumed activity by mid-March and parasitism rates increased until the end of observations in early April (Fig. 5) .
Discussion
The potential of T. coloradensis and T. droozi for reducing hemlock looper populations was conÞrmed by the weekly measurements through sentinel traps of some very high levels of parasitism (Ͼ70%) Previous studies have identiÞed T. coloradensis as the dominant species of egg parasitoids of the hemlock looper in eastern Canada (Pelletier and Piché 2003; Carleton et al. 2009 Carleton et al. , 2010 . Accordingly, we observed that T. coloradensis was the most abundant species in two of the three study sites (Riviè re-du-Loup and Riviè re-Ouelle), whereas T. droozi was the most abundant species at LÕIsle-Verte, with the highest level of parasitism measured in our study. Pelletier and Piché (2003) reported that T. coloradensis was found mostly in the boreal zone, whereas T. droozi was more common in what they referred to as the "transition zone," corresponding to the mixed-wood forest, to which belongs LÕIsle-Verte. Insect collections reveal that T. droozi is well represented in the boreal zone, but in a much lower abundance than T. coloradensis (Pelletier and Piché 2003) . In the lower St. Lawrence region, our data suggest that T. coloradensis and T. droozi are likely to compete for the same resource, i.e., hemlock looper eggs, in the spring.
Our analysis showed that T. coloradensis and T. droozi have similar thermal activity thresholds in the spring. Although not statistically different, T. coloradensis has a lower threshold than T. droozi by 1.6ЊC (3.08Њ versus 4.67ЊC). We must be cautious with the T. droozi threshold as parasitism was recorded at 4ЊC. Development is known to be underestimated at low temperatures (Bernal and González 1993) and this seems to apply also to parasitic activity. Nevertheless, this approach was shown reliable for predicting the generation turnover rate of an aphid parasitoid in the Þeld (Bernal and González 1993) . This capacity to parasitize host eggs at lower temperatures likely would provide an ecological advantage to T. coloradensis over T. droozi early in the season and in colder regions of the boreal forest. Furthermore, T. droozi could be more sensitive to temperature-driven asynchrony with hemlock looper eggs in early spring because the thermal activity threshold of T. coloradensis is nearly the same (3.08ЊC) as the development threshold of its looper host (3ЊC; Hartling et al. 1991) , the thermal activity threshold of T. droozi being higher (estimated at 4.67ЊC).
Adult longevity, parasitism patterns from sentinel traps, and sweep net sampling help us picture the pattern of activity of Telenomus parasitoids during spring, summer, and fall. Telenomus adults can survive several months in the laboratory , Foerster and Butnariu 2004 , Fukuda et al. 2007 ), and T. coloradensis females showed such an extended longevity (i.e., over 55 d at 24 Ϯ 1ЊC, 75% RH, and a photoperiod of 16:8 [L:D] h; unpublished data, Legault et al.) . This biological trait allows overwintering females to parasitize a maximum number of hosts before hatching of hemlock looper eggs in late spring and to be active for an extensive period, potentially during the whole summer. Based on our degree-day model, T. coloradensis spring progeny is predicted to emerge from mid-July to the beginning of August (this could happen even earlier as our model probably underestimates development at low temperatures), a period during which hemlock looper eggs are absent from the forest environment (Delisle et al. 1998 , Butt et al. 2010 . Host deprivation is known to lower the parasitoid egg load in several parasitoid species, mainly through egg resorption, resulting in a reduced fecundity but increased longevity (Hougardy et al. 2005 , Bruce et al. 2009 ). It is not known whether T. coloradensis is a pro-or synovigenic species and whether females have the capacity for egg resorption. However, we have observed in the laboratory that when deprived of suitable hosts for oviposition, T. coloradensis females adopt a prostration behavior by huddling and remaining motionless for long periods. This behavior could be associated with a form of quiescence when hosts are not available.
Given their longevity, mated T. coloradensis females would remain in the environment either to exploit alternative hosts, parasitize eggs laid by hemlock looper females in late summer and early fall (Carroll 1956 , Delisle et al. 1998 ), enter diapause, or all of these. Telenomus parasitoids may have the opportunity to shift on alternate hosts for oviposition in late summer, thus allowing their progeny to emerge and mate before the onset of cold weather in the fall. Telenomus species can be generalists; for example, Telenomus alsophilae Viereck has been shown to exploit 14 species of geometrids and noctuids (Fedde 1977) . Telenomus coloradensis is known to parasitize eggs of Orgyia leucostigma plagiata (Walker) (Lepidoptera: Lymantriidae); Douglas-Þr tussock moth, Orgyia pseudotsugata (McDunnough); and Bruce spanworm, Operophtera bruceata (Hulst) (Lepidoptera: Geometridae) (Pelletier and Piché 2003) . However, these species overwinter as eggs deposited in the fall (Brown 1962 , Mason et al. 1983 , Tammaru et al. 2002 (Ticehurst and Allen 1973, Fedde 1977) . Parasitism late in the season is expected to depend on the timing of hemlock looper oviposition as well as on climatic conditions during host availability in late summer and fall (i.e., the number of days with temperatures reaching the thermal activity threshold of the parasitoid).
Our study provides the Þrst experimental evidence of a reproductive diapause in T. coloradensis. Although most egg parasitoids overwinter at their immature stage inside their host (Boivin 1994) , adult overwintering also has been documented for Telenomus nitidulus (Thomson) (Grijpma and van Lenteren 1988) and Telenomus californicus Ashmead . Capture of fertilized females in forest stands as early as 30 April, egg parasitism in sentinel traps in late April, and a mean supercooling point of Ϫ30.6ЊC indicate that T. coloradensis females have the capacity to overwinter as adults in Quebec and be active early in the spring. However, overwintering survival was low (9%) under insectary conditions. We cannot determine if this low survivorship is typical of the species or if it arose from unsuitable (artiÞcial) overwintering conditions. Also, as for other egg parasitoid species that overwinter as adults, males did not survive the winter , James 1988 , Teraoka and Numata 1995 . Curiously, when tested in October, the supercooling point of T. coloradensis males (Ϫ30.5ЊC) was similar to that of females. These estimates are conservative as the population tested was collected in the north (BlancSablon) and adults may have not been fully acclimatized to upcoming winter conditions when supercooling points were measured in early October in Quebec City. At this point, it remains uncertain if males have the capacity to formally enter diapause, but their absence in sweep net sampling early in the season strongly suggest that they do not overwinter successfully in this region. Their capacity to resist frost in the fall might be an adaptation strategy to remain active late in the season, thereby increasing opportunities to fertilize females before the onset of winter conditions. Carleton et al. (2009 Carleton et al. ( , 2010 showed that T. coloradensis also has the capacity to overwinter in its immature stage in hemlock looper eggs parasitized in the fall. Such a dual overwintering strategy for a univoltine insect species is very uncommon, but it was reported for T. californicus parasitizing the Douglas-Þr tussock moth (Lepidoptera: Lymantriidae) in south central Oregon . As in other studies (Hé bert et al. 2006; Carleton et al. 2009 Carleton et al. , 2010 , our data showed that parasitism in the fall (SeptemberÐOctober) is very low (weekly maximum mean parasitism is 2.6% for Telenomus spp.) compared with parasitism in late spring (weekly maximum mean parasitism is 72.9 and 75.6% for T. coloradensis and T. droozi, respectively). This indicates that within the study area, both T. coloradensis and T. droozi overwinter primarily as fertilized females. By the end of April, they terminate their reproductive diapause and start searching for hosts as temperatures reach their lower thermal activity threshold. Laboratory experiments showed that T. coloradensis and T. droozi females have the capacity to parasitize hemlock looper eggs at temperatures as low as 4ЊC. The capacity of T. coloradensis and T. droozi to overwinter as adults and attack eggs at very low temperatures represents physiological adaptations that enable them to exploit hosts early in the season when the latter remain at a suitable stage for parasitoid development. Under laboratory conditions, Telenomus species usually prefer young eggs over mature ones to maximize the Þtness parameters of their progeny (Jubb and Watson 1971 , Fedde 1977 , Strand and Vinson 1983 . The climatic and ecological factors determining which overwintering strategy should be selected, either as fertilized females or immature within the host egg, as well as the consequences on parasitoid Þtness and population dynamics, remain to be explored. No information is available to determine if T. droozi and T. flavotibiae also have developed such a dual overwinter strategy.
The low levels of parasitism by T. flavotibiae and Trichogramma spp. over our 3-yr survey support the conclusions of Pelletier and Piché (2003) and Carleton et al. (2009 Carleton et al. ( , 2010 ) that these natural enemies are uncommon and do not contribute signiÞcantly to reducing hemlock looper populations in northeastern North America. Telenomus flavotibiae seasonal occurrence differs from that of T. coloradensis and T. droozi. Females were not captured before July and hosts in sentinel traps only were parasitized during summer when hemlock looper eggs are absent. This asynchrony between parasitism occurrence and hemlock looper egg availability together with low parasitism levels suggest that T. flavotibiae probably emerges late in the season and only attacks hemlock looper eggs as a secondary or overwintering host. However, no other host species had ever been recorded for T. flavotibiae (Pelletier and Piché 2003) . Trichogramma spp., however, are multivoltine parasitoids that typically attack a large spectrum of hosts in forest stands throughout the season (Corrigan and Laing 1994 , Bai et al. 1995 , Laing and Corrigan 1995 . Corrigan and Laing (1994) showed that Trichogramma minutum Riley uses hemlock looper eggs as hosts for overwintering. Accordingly, we observed the highest (but still low) levels of parasitism by Trichogramma spp. in the fall. Low parasitism rates by those parasitoids were recorded during the 3 yr of sampling, as reported previously by Hartling et al. (1999 ), Hé bert et al. (2001 ), and Carleton et al. (2009 .
Combined with those of Carleton et al. (2009 Carleton et al. ( , 2010 ), our data make it possible to draw a tentative seasonal ecology calendar of egg parasitoids of the hemlock looper in the lower St. Lawrence region (Fig. 6 ). Hemlock looper eggs mostly are parasitized during their postdiapause phase in spring by T. coloradensis and T. droozi, and faintly by Trichogramma spp. Overwintered females of both parasitoid species are active as early as late April and early May, when development of the host embryo is slow. Parasitism increases with temperature and becomes highest just before the hostÕs hatching period, after which both T. droozi and T. coloradensis remain highly active for a few more weeks. Their activity decreases abruptly by mid-July, as the new T. coloradensis generation emerges from hosts parasitized in the spring. From July until late fall, parasitism remains very low (T. coloradensis, T. flavotibiae, and Trichogramma spp.) or null (T. droozi). Telenomus coloradensis overwinter mainly as fertilized females, but can also enter diapause at an unknown immature stage within diapausing host eggs. A number of uncertainties about the seasonal ecology of Telenomus parasitoids remain to be explored. Mainly, those that relate to 1) the occurrence and ecological determinants of the two overwintering strategies developed by T. coloradensis, 2) the overwintering survival capacity of diapausing females and immature parasitoids, and 3) the potential use of alternative hosts in summer by T. coloradensis and T. droozi. Furthermore, although there is a good understanding of the seasonal ecology of T. coloradensis and Trichogramma spp., more information is needed for T. droozi and T. flavotibiae.
In conclusion, because parasitism by Telenomus species mostly occurs during spring through the action of overwintering females, climatic conditions in winter and early spring are key determinants of Telenomus success as biological control agents of the hemlock looper. We predict that concurrent mild winters and cool springs would favor parasitoid activity by enhancing winter survival and by lengthening the temporal egg accessibility window in spring through a delay in hemlock looper embryonic development. A better understanding of the ecology of egg parasitoids of the hemlock looper is crucial for improving integrated management of this pest in eastern Canada in the context of climate change.
